3 R&D wine and sensory consultant SUMMARY The analysis of wine sensory descriptors is a fundamental step in the improvement of wine making, because the procedures are judged just before bottled wine is ready for consumption. Despite several contributions in the literature, traditional analysis of variance methods are not adequate to analyse sensory descriptors, because they are defined on ordinal scales. In this paper, we exploit cumulative link mixed models in a three-way full factorial design to assess the effect of prefermentative maceration, temperature and saignée on wine sensory descriptors. Using cumulative link mixed models, the bias introduced by assessors' judgement and the ordinal scale of sensory descriptors are taken into account. The results were the following: the application of prefermentative maceration techniques did not lead to an improvement in the sensory profile of wines after a year from bottling; wines treated with saignée showed greater intensity in olfactive descriptors; and higher fermentation temperatures resulted in wines that were generally more concentrated.
Introduction
The final effect of different vinification procedures may be investigated by measuring changes in the chemical compounds related to colour and flavours over time, but the relevance of the hedonistic aspect of wine motivates sensory evaluations to characterise vinification procedures in terms of perceived quality.
Descriptive sensory analysis is particularly suited for this purpose (Murray, 2001 ; Lesschaeve, 2007) : a panel of assessors provides an evaluation of several sensory descriptors; a new vinification procedure is declared effective if statistically significant changes in one or more descriptors are detected with respect to the traditional procedure.
This study considers Sangiovese wine making using grapes from Tuscany (2008 vintage) . A three-way full factorial design with three replications is investigated to assess the effect of three factors on wine quality:
 prefermentative maceration techniques: standard fermentation (CTRL), cold soak prefermentation (CSPF), cryomaceration (CRYO);
 temperature of fermentation: 20°C (t20), 30°C (t30);
 saignée: absent (noS), present (yeS).
The design encompasses 12 different vinification procedures (treatments), for a total of 36 vinifications. Eight olfactive and six gustative and tactile descriptors were evaluated on a four-level hedonistic scale, one year after bottling. In order to reduce both the costs and time needed to train assessors, sensory evaluation was performed by an ad-interim panel formed by people involved in the experiment, as suggested by Lesschaeve (2007) .
Several studies in the literature use traditional analysis of variance (ANOVA) methods to analyse sensory descriptors (Runnebaum et al., 2011; Carlucci and Monteleone, 2008; Etaio et al., 2008; Parenti et al., 2004; Marais, 2003; Lawless et al., 1997) . However, ANOVA is not adequate because, even if one can safely assume that the intervals between categories of the descriptors are equal, residuals are not normally distributed and homoscedasticity may not hold.
Here, we exploit cumulative link mixed models in order to take into account the ordinal scale of sensory descriptors and the bias introduced by assessors' judgement.
In section 2 the experimental setup is described. In section 3 we provide details on panel formation, training and evaluation sessions. The statistical analysis is detailed in section 4. In section 5 the results are presented, and the findings are discussed in section 6.
Experimental setup
Sangiovese grapes from the area of Maremma, South Tuscany, were manually harvested at maturity (2008 vintage) and collected in 20 kg buckets.
A randomisation procedure was used to allocate the buckets within bins (500 l each), which were transported to the experimental winery and randomly assigned to vinification tanks (1000 l each, stainless steel). A wine cellar was prepared to host the experiment (http://www.ricercatuscania.it).
A programmable control unit (Parsec s.r.l.©2007) regulated the temperatures and pumping-overs of each individual tank. The destemmed and crushed berries destined for standard fermentation were sent directly to the tanks and brought to the planned fermentation temperature.
Cold soak prefermentation was applied by lowering the temperature to 5°C
immediately after filling the tanks; this temperature was maintained for 48
hours. Cryomaceration was performed on the destemmed and drained berries using an experimental apparatus (Parsec s.r.l.©2007) consisting of a freezing tunnel containing a stainless steel conveyor belt, on top of which liquid nitrogen sprinklers were installed. The contact time of liquid nitrogen with the berries was approximately 5-10 seconds, such that the final temperature of the mass was below 0°C, as regulated by the speed of the conveyor belt. The temperature of the flowing mass was measured and found to be between +7°C and -5°C. The cryomacerated berries were then crushed and added to the previously drained must.
Saignée was applied by bleeding off 200 kg must from the bottom valve of each tank, immediately after filling, so that the tank volume was the same as for the other ferments. Each tank was then supplemented with potassium metabisulphite (50 mg/l) and the temperature was set at the appropriate level (20°C or 30°C). Finally, the tanks were inoculated with 250 mg/l of EC1118 Lalvin® yeast strain. CRYO tanks were inoculated once the temperature reached 20°C (18-24 h). During the maceration, which lasted for 14 days, the tanks underwent pumping-over cycles, whose number and duration were adjusted daily on the basis of the must density.
A comprehensive description of the wine-making process is provided in Pantani et al. (2014) .
Panel formation, training and evaluation sessions
The effect of the tested treatments on sensory descriptors was evaluated following a descriptive approach (Marais, 2003) . For this purpose, a panel of tasters was formed and trained. The panel consisted of people involved in the experiment, including wine experts, winemakers and a non-expert wine taster. The training activity consisted of six sessions in which assessors were trained to identify a descriptor in a genuine standard and in wine; they were then trained to identify and sort different concentrations of gustatory standards in water and in wine. Finally, they were taught to describe red wines' gustatory and tactile sensations, as provided by Delteil (2000) and by Granes et al. (2009) Eight olfactive descriptors were finally agreed upon and included in the card:
'Fruity' (berries and tree fruit), 'Preserved Fruit', 'Spicy', 'Vegetal', 'Caramel' (candy), 'Chemical', 'Reductive Flavour' and 'Acetaldehyde' (bruised apple).
Gustative and tactile profiles were assessed by means of the following six descriptors: 'Volume', 'Acidity', 'Tannic Intensity', 'Astringency', 'Dryness'
and 'Bitterness' (Delteil, 2000) .
For each sensory descriptor, a four-level hedonistic scale was defined. The sensory evaluation was performed 12 months after wine bottling. All wines were tasted in three weekly sessions of panel testing. In each session, a sample from all treatments of one of the three replications (12 samples) was submitted to the panel of assessors in two series of six tastings, each separated from the other by a break of 20 minutes in order to reduce the potential bias due to fatigue (Bajec and Pickering, 2008) . In the evaluation, descriptors were considered sequentially: the first three were evaluated when the wine was in the mouth, while the last three were evaluated after expelling the wine from the mouth.
Bottles were taken from a stock kept at 18-20°C, a suitable temperature range for the serving of red wines. Samples were anonymised by assigning a threedigit numerical label and submitted for tasting in a random order. as shown in Table 1 . Note that the treatment CTRL_t20_noS is taken as the reference due to its having the mildest vinification conditions; thus it is coded by a vector of zeros. In this section, we provide technical details on cumulative link mixed models (subsection 4.1), discuss the interpretation of parameters representing the effect of the tested treatments (4.2), and explain the method used to quantify the statistical significance of each main effect and interaction term (4.3).
Statistical analysis

Cumulative link mixed models
Cumulative link mixed models were developed by Hedeker and Gibbons (1994) and by Tutz and Hennevogl (1996) by extending ordinal logit (proportional odds) models to clustered or longitudinal data. A cumulative link mixed model for a generic sensory descriptor has the following form:
. . . , = 1, … , , = 1, … ,
is the quantile function of the standard logistic distribution, often called logit link; is an intercept depending on the score under consideration (the -th); is a random effect depending on the assessor under consideration (the -th); and is a vector of parameters, one for each of the 11 dummy variables encoding the tested treatments. This model is a linear regression where the response is the logit transformation of the cumulative probability for each score. The minus sign before ′ is introduced so that a positive value of any parameter implies a greater probability for higher scores.
Note that the parameters in do not depend either on the score, or on the assessor. See Agresti (2002, Chapter 7) for further details. 
Interpretation of parameters
Consider the odds of the event > given treatment and assessor defined as:
For example, if the event > has probability 1/6, then its odds are 1/5.
An odds ratio is the ratio of the odds for the same score and assessor under two different treatments, say 1 and 2 :
For example, an odds ratio equal to 2 implies that, by applying the treatment 2 , the odds of the event > are expected to be twice the odds obtained applying the treatment 1 .
The effect of the tested treatments is assessed by computing the odds ratio between each treatment and the reference. If the odds ratio is 1, there is no difference between the treatment considered and the reference treatment. If the odds ratio is greater (lower) than 1, the treatment considered is expected to provide higher (lower) response scores than the reference. In a cumulative link mixed model, the odds ratio between a generic treatment and the reference treatment 0 for score and assessor is:
that is, it is the same for each score and for each assessor.
Analysis of deviance
The statistical significance of each main effect and interaction term is quantified by comparing the deviance of the reduced models obtained by constraining the parameters in of the model in Equation 1 to the value 0. Any reduced model obtained in this way is coded by a set of dummy variables similarly to the treatments: the value 0 indicates that a parameter is constrained to 0, and the value 1 indicates that a parameter is freely estimated. The deviance explained by a main effect or an interaction term is given by the difference in the deviance between the reduced model with the minimum number of parameters including that main effect or interaction, say ℳ 1 , and the reduced model obtained from ℳ 1 by constraining the regression coefficients associated with that main effect or interaction to the value 0, say ℳ 0 . Table 2 shows the codes of the reduced models that are to be compared in order to compute the deviance explained by each main effect and interaction term. The deviance between ℳ 1 and ℳ 0 is tested by considering that the log-likelihood ratio statistic:
is asymptotically distributed as a 2 random variable with a number of degrees of freedom equal to the difference in the number of parameters between ℳ 1 and ℳ 0 , where ℳ 1 and ℳ 0 are, respectively, the log-likelihood of models ℳ 1 and ℳ 0 computed at the maximum likelihood estimates of parameters. where ̂ is the estimated variance and covariance matrix of ̂. 
Results
The statistical analysis was performed using the function clmm contained in the R package ordinal (Christensen, 2015) . Wine characteristics found to be significantly affected by at least one experimental factor include the visual descriptor 'Colour', the olfactive descriptors 'Fruity', ''Spicy', 'Reductive Flavour', and the gustative and tactile descriptors 'Volume', 'Tannic Intensity', 'Astringency', 'Dryness'. The descriptors 'Preserved fruit', 'Vegetable', 'Candy', 'Chemical', 'Bruised 'Apple', 'Acidity' and 'Bitterness' were found not to be significantly affected by any experimental factors. The analysis of deviance for sensory descriptors which were significantly affected by at least one experimental factor is shown in Table 3 . A summary of the parameter estimation for each sensory descriptor is given in the Appendix. Table 4 shows estimated odds ratios for each treatment concerning sensory descriptors which were found to be significantly affected by at least one experimental factor (reference treatment: CTRL_t20_noS). The application of saignée entails a significantly positive effect on the descriptor 'Fruity', as shown by the estimated odds ratio of 3.16. This means that the odds for 'Fruity' to be rated with higher scores in wines treated only with saignée (CTRL_t20_yeS) are more than one-and-a-half times the odds for wines not so treated (CTRL_t20_noS). Similar results were found for the descriptors 'Colour' (odds ratio 1.39) and 'Reductive Flavour' (odds ratio 7.03).
Evaluation of treatments
Conversely, wines fermented at 30°C were rated significantly higher in the perception of 'Colour' (odds ratio 15.46), 'Reductive Flavour' (odds ratio 1.61), 'Volume' (odds ratio 1.88), 'Tannic Intensity' (odds ratio 2.71), 'Dryness' (odds ratio 1.43) and 'Astringency' (odds ratio 1.9) than wines fermented at 20°C.
On the other hand, the higher temperature of fermentation resulted in lower perceptions of the descriptor 'Spicy' (odds ratio 0.58). In particular, the (negative) effect was larger if saignée was also applied (odds ratio 0.72). The full-order interaction proved to be significant for the descriptors 'Colour' and 'Reductive Flavour'. The effect of joint application of 30°C fermentation and saignée on the descriptor 'Colour' was greater if cold soak prefermentation was applied (odds ratio 72.14 against 29.46). On the other hand, the effect of joint application of 30°C fermentation and saignée on the descriptor 'Reductive Flavour' was lower if cold soak prefermentation or cryomaceration was applied (odds ratios 3.39 and 5.00 against 6.40).
Evaluation of heterogeneity in assessors' judgement
For each sensory descriptor, random effects quantify the deviation of the assessors' judgement from the 'average' opinion ( = 0). Since random effects do not depend either on the response score or on the treatment, the cumulative link mixed model makes it possible to separate the heterogeneity in the assessors' judgement from the effect of the tested treatments. Table 5 shows estimated random effects for sensory descriptors which were found to be significantly affected by at least one experimental factor. The heterogeneity in the assessors' judgements was confirmed by the significance of the deviance explained by random effects (see Table 3 ).
The bias introduced by each assessor may be quantified in terms of the deviation of the respective random effect from value 0, which corresponds to the random effect of the 'average' assessor. Although random effects were ranked differently across sensory descriptors, it is apparent that some assessors tended to award higher scores than the average (numbers 6, 10 and 13), while others had the opposite tendency (numbers 5, 8 and 11). Assessors 1, 2 and 3 were close to the 'average' value for each wine descriptor.
Two natural interpretations of the heterogeneity in the assessors' judgement are either that each score means different things to different assessors, or that assessors have a different perception of the same sensory descriptor.
Discussion
A descriptive sensory approach was adopted to evaluate the effect of different fermentation techniques on Sangiovese quality after one year from bottling, including cold soak prefermentation, cryomaceration, 30°C temperature and saignée. For this purpose, an ad-interim panel was formed by people involved in the experiment (15 assessors). The analysis was performed using cumulative link mixed models, in order to take into account the ordinal scale of sensory descriptors and bias in assessors' judgement: on one hand, a linear regression model is applied to the logit of the cumulative probability of each score, instead of to the score itself; on the other hand, a random effect is estimated for each assessor.
Wines treated with saignée resulted in a greater intensity in the descriptors 'Colour' and 'Fruity'. However, the descriptor 'Reductive Flavour' was also found to be significantly affected by saignée, suggesting that the treatment should be applied carefully. It is noteworthy that the increase in the score for 'Reductive Flavour' can be prevented by applying cold soak prefermentation or cryomaceration.
Higher fermentation temperatures resulted in greater expression of all of the gustatory descriptors except for 'Fruity', that is in wines with a highly concentrated profile. However, we must consider that some assessors might perceive high scores for the descriptor 'Dryness' as a depreciation of wine quality.
The application of prefermentative maceration techniques did not lead to an improvement in the sensory profile of wines after a year from bottling, but it amplified the effect of the joint application of 30°C fermentation and saignée on the visual descriptor 'Colour', while also preventing the increase in the score for 'Reductive Flavour'. The lack of a main effect due to prefermentative maceration techniques is in contrast with the results of related studies performed on wines drawn earlier. For instance, Marais (2003) reported a marked effect of cold soak prefermentation on the overall quality of Pinotage after six months from bottling (on 'Fruity', in particular), while Parenti et al. (2004) found an increase in 'Colour', 'Tannic Intensity' and 'Astringency' for cryomacerated Sangiovese after two months from bottling. In our study, the wines were tasted far later (one year from bottling); we therefore believe that the differences in the results are due to the rapid loss of these quality characteristics in the first months after bottling.
Random effects made it possible not only to characterise each assessor with respect to the bias introduced in his or her judgements, but also to individuate assessors with a definite tendency in awarding scores lower than, higher than or close to the average. Furthermore, estimated random effects could be useful in developing ad-hoc training for each assessor before future sessions. 
